Abstract. In these studies advanced oxidation processes such as: photolysis, ozonation and photocatalysis for anionic and cationic surfactants decomposition were used. Nitrogen modified titanium dioxide and commercial TiO 2 -P25 were used for photocatalytic tests. UV-C lamp and different dose of ozone: 186, 383, 478 and 563 mg/(dm 3 ·h) were used. The optimal system for anionic and cationic surfactants decomposition was connection of ozonation with UV-C irradiation.
Introduction
Surface active compounds used in households and numerous industrial sectors are one of the pollutants of surface water and groundwater. They constitute a serious water pollution, resulting in ecological threats to plants and animals, caused by the relatively long life of surfactants in water and low susceptibility to natural degradation. Consequently, the use of advanced oxidation methods based on, for example, the photocatalytic action of titanium dioxide particles and the oxidizing properties of ozone, appear to be a good and simple method for waste water purification. These processes are an effective alternative to conventional methods.
The primary and most valuable feature of photocatalysis is the ability to obtain complete mineralization of pollutants. Only effective access to the process requires access to light which may excite a photocatalyst. It has been proven that photocatalytic processes are ideal for the purification of contaminated water with organic compounds such as anionic surfactants sulphonated as sodium lauryl sulfate [1] , sodium dodecylbenzenesulfonate [2] or sodium naphthalenesulfonate [3] . These processes have also been successfully used for nonionic decomposition [4] and cationic surfactants [5] .
In heterogeneous photocatalysis using TiO 2 , the most effective oxidizing compounds are hydroxyl radicals. In aqueous environments they are generated by water oxidation, and are adsorbed on the surface of the photocatalyst. The oxidation agent of catalyst is positively charged electron holes (h +) formed in the TiO 2 valence band a result of its excitation [6] .
In aerated systems, electrons (e -) transferred to the conduction band can reduce dissolved oxygen to superoxide anion and continue to peroxide anion [7] :
It has been proven that photocatalysis can be an effective way of mineralizing surfactants, but combining it with the ozonation process can definitely accelerate the oxidation of pollutants. The general mechanism of oxidation of ozone in the aquatic environment can be divided into direct cycloaddition to multiple bonds (ozonolysis) [8] , having a significant effect on the removal but not mineralization, and indirect mineralization by O 3 decomposition products [9] . Ozone in the aquatic environment decomposes as a result of radical chain reactions, whose main products are OH radicals and H 2 O 2 molecules.
The main aim of the study was to compare the photocatalytic efficiency of oxidation of anionic and cationic surfactants using nitrogen modified titanium dioxide (TiO 2 /N) obtained from the Institute of Inorganic Chemical Technology and Environment Engineering of the West Pomeranian University of Technology with commercially available TiO 2 -P25. In addition, the effect of changes in the ozonation process parameters in combination with UV photolysis and photocatalysis was determined. Commercial TiO 2 P25 was used as reference material with crystal size 26 nm and BET surface area 56 m 2 /g, 75% of anatase and 25% of rutile phase [11] . At West Pomeranian University of Technology there is a possibility to produce nitrogen modified photocatalyst with high photocatalytic activity and high adsorption capacity. Nitrogen modified TiO 2 was obtained from Institute of Inorganic Chemical Technology and Environment Engineering. It was choose as a second photocatalyst because there was no data about its activity during surfactants decomposition Moreover this is photocatalysts with different characteristic than commercial TiO 2 P25. It was prepared at E746 AutoLab (HEL Ltd) installation. TiO 2 -N average particle size amounted to 190 nm, its BET surface area is 345 m 2 /g, amorphous phase 67%, anatase phase 30%, rutile phase [10] .
Experimental

Materials
Zeta potential of TiO 2 /N and TiO 2 P25 was determined for pH 3 and 6, because the reactions of photocatalytic decomposition of surfactants were conducted in these pH ranges. In Fig. 1 the relationship between ζ-potential and solution pH value for tested photocatalysts was presented. 
Advanced Oxidation Processes
In Fig. 2 the installation for advanced oxidation processes is presented. The solution in a stainless steel reactor with an active capacity of 5 dm 3 was in the continuous flow provided by a peristaltic pump. The reactor was equipped with a low-pressure UV-C (25W) mercury lamp emitting almost all energy at 253.7 nm (TMA, Poland). Ozone was produced in the O3PRO DRP-30.7VW generator (Prozonex, Poland), powered by an oxygen concentrator (Everflo, Phillips) and pressed into the bottom of the UV-C reactor and then distributed evenly through the diffuser. The ozone concentration was measured in real time on the conduit connecting the O 3 generator to the UV-C reactor via a photometric gas ozone analyzer (BMP 964, BMT Messtechnik GMBH, Germany) with a measurement range of 0-300 g/Nm 3 . The concentration of total organic carbon (TOC) was determined using the Multi N/C 2100S analyzer (Analytik Jena AG, Germany). Prior to photocatalysis (TiO2 + UV) and photocatalytic ozonation (TiO2 + UV + O3) processes, adsorption was carried out in the dark for 30 minutes (to obtain an adsorption equilibrium). The concentration of the total organic carbon (TOC) after this step was treated as the initial concentration (TOC 0 ). UV-C (UV) photolysis, ozone (O 3 ) photolysis, UV-C photolysis with simultaneous ozone (UV + O3) was also performed to compare the effectiveness of the investigated processes. During the photocatalytic reaction, oxygen was injected into the reactor (100 dm 3 /h).
Results and discussion
Ozonation and UV light irradiation
For decomposition of anionic and cationic surfactants the ozone and UV-C light irradiation were used. As it can be observed in Table 1 
As a result hypochlorous acid is formed, widely used as a bleaching agent and disinfectant due to its high oxidizing potential. Another reason could be the electrophilic behavior of the ozone molecule relative to the carbon atoms in the α position to the oxygen atoms (at pH <6). As a result of the transfer of the hydrogen atom to the O 3 molecule, a carbonic cation is formed, stabilized by resonance with the oxygen atom. To the cation, the previously formed HO 3 -may be attached to form a HO 2 -fast reaction with H + followed by removal of one oxygen atom, which is the product of H 2 O 2 . This follows, in line with the course of the following reaction, forms OH radicals with the ozone [13] :
Under pH higher than 7 the OH• radicals are produced (equations 8-10) [9] :
In Table 2 the % removal of surfactants with combined process of UV-C irradiation, ozonation and photocatalysis was presented. In Fig. 2 a) and b) the kinetics of surfactants decomposition under UV-C irradiation is presented. The charge on the TiO 2 surface with the opposite sign to the charge sign of the ionic surfactant will promote the adsorption of this surfactant to the catalyst. In surfactant solutions with acidic pH, higher electrokinetic potential is characterized by TiO 2 /N and this is one of the main reasons for higher NaDBS desorption values.
As a result of the exposure process (t = 0) partial photocatalyst excitation occurs, resulting in first photolytic and photocatalytic reactions on the semiconductor surface. As a result of these reactions, the hydrocarbon chains of NaDBS molecules adsorbed on TiO 2 , resulting in partial desorption of these compounds, are depicted as increasing the concentration of TOC in the purified solution (Fig. 2) . At a further stage of the process, TiO 2 -P25 is clearly a more effective semiconductor in the NaDBS oxidation by UV-C photocatalysis. This is due to the fact that TiO 2 -P25 is characterized by a significantly higher degree of surface hydroxylation [12] , coupled with lower adsorption potential due to the lower zeta potential value, and therefore greater surfactant-free surface and better absorption of radiation. For higher efficiency in oxidation of NaDBS in solution volume by oxidation of water molecules to OH radicals. anionic surfactant molecules. As a result, NaDBS oxidation through the electron hole in the valence band may lose its importance, making TiO 2 -P25 a better photocatalyst under given conditions.
Conclusions
As a result of the studies, it was found that the anionic NaDBS surfactant was more susceptible to mineralization using advanced oxidation methods than the cationic BtCl surfactant. The best condition for anionic and cationic surfactants decomposition is: UV-C light and ozone dosed in 478 mg/dm 3 ⋅h. Under these conditions decomposition of NaDBS after 4 h of irradiation amounted to 96% and decomposition of BtCl amounted to 84%.
